Glutathione transferases (EC 2.5.1.18; GSTs) catalyze the nucleophilic attack by reduced glutathione (GSH) on nonpolar compounds with electrophilic centers, acting on a range of exogenous substances (e.g. carcinogens and cancer chemotherapeutic agents) as well as endogenous compounds, forming part of a coordinated defense strategy to remove GSH conjugates from the cell. [1] In mammals, there are two major families of soluble GSTs, located in the cytosol and mitochondria. These enzymes are dimeric proteins that can be grouped into at least eight gene-independent classes on the basis of their primary structure. [2] [3] [4] [5] Their three-dimensional structures do not differ significantly despite low sequence homology, [6, 7] yet the different classes display a broad range of functions. [8] [9] [10] [11] The close similarity in the GST structure between the classes extends to the active site, which contains a very similar binding site for GSH (G-site) but a less similar binding site for the hydrophobic cosubstrate (H-site) where structural differences confer a degree of substrate selectivity among the isozymes. [6, 7] GST Pi class (GST P1-1) possesses two solventaccessible cysteine residues that affect catalytic activity when modified: Cys47 is located near the G-site and is critical for maintaining the conformation and stability of the G-site, [12] and Cys101 is located at the dimer interface and can form a disulfide bridge with Cys47, requiring a large-scale conformational change of the active site leading to inactivation of the enzyme. [12] GST P1-1 is often found in solid tumors, and its overexpression after exposure to antitumor drugs has been reported; [11] it is therefore a preferential anticancer drug target among the different GST isoenzymes. Ethacrynic acid (EA) is an effective GST inhibitor, particularly with GST P1-1, where it binds competitively to the H-site; it has been investigated as a potential anticancer drug. [12] Notably, when EA is bound productively at the H-site, the a-acetic moiety is directed into the protein interior, towards the interface of the protein dimer.
Transition-metal complexes based on ruthenium have been intensively investigated as anticancer drugs and have a strong propensity to react with soft nucleophilic centers such as thiol groups. [13] [14] [15] [16] [17] Ruthenium compounds, including organometallic compounds, are known to be generally less toxic than their platinum counterparts, [18] [19] [20] [21] and with this in mind, we have developed a new class of organometallic ruthenium-EA inhibitors (complexes 1 and 2 in Scheme 1) that not only bind to the enzyme at the H-site but are also capable of interacting with the reactive cysteine residues of GST P1-1. The organometallic ruthenium fragment is thus tethered to EA at the a-acetic functionality, so that the ruthenium center can access the Cys101 residues at the dimer interface upon productively binding the EA unit at the H-site. The compounds were characterized by spectroscopy, and the structure of 1 was confirmed by single crystal X-ray diffraction ( Figure 1 ).
The ability of 1 and 2 to inhibit GST P1-1 activity was investigated at the protein level. It is known that the most reactive cysteine residues, located at the 47 and 101 positions, are important for modulating the enzymatic activity and can interact with transition-metal-based compounds. [8, 10, 22, 23] Therefore, the wild type and both Cys mutants (Cys47Ser and Cys101Ser) were purified and their residual activity determined after incubation with EA, 1, and 2 (Table 1) , showing them to be excellent GST P1-1 inhibitors. Competitive inhibition studies were further carried out on EA, 1, and 2 using GST P1-1 wild type. The results (Table 1 and the Supporting Information) suggest that 1 and 2 act as competitive inhibitors towards 1-chloro-2,4-dinitrobenzene (CDNB) and are noncompetitive towards GSH, thus indicating that the complexes bind at the catalytic H-site, in a similar fashion to EA, although the lower K i values (three or four times) of the complexes in comparison to EA suggest that the Ru center is involved in the inhibition of GST P1-1.
GST P1-1 and the cysteine mutants were treated with equimolar amounts of EA, 1, and 2 (20 mm active sites versus 20 mm compound) in the absence of GSH. The time course inactivation profile of 1 and 2 is significantly different from that of EA (see the Supporting Information). The data suggest that both Cys residues are targets of these compounds, leading to partial loss of activity.
To ascertain the nature of the interaction, the enzyme was incubated with 1 and analyzed by ESI-MS to determine any covalent adducts formed (see the Supporting Information). EA forms 1:1 or 1:2 covalent adducts with GST P1-1 when the reaction occurs in the absence of GSH and can bind to Cys47 irreversibly by Michael addition reactions. When GST P1-1 reacts with 1, an adduct corresponding to [GST + 1À2Cl] was observed after one hour incubation, while two adducts of lower molecular mass, corresponding to [GST + (EAÀOH)] and [GST + (EAÀbenzylamide)] were obtained after 24 h incubation. These data suggest that 1 originally binds by loss of the two chloride ligands (but is otherwise intact) and is then further cleaved, releasing the ruthenium fragment.
Two separate crystals of GST P1 (Figure 2 a) . The distance between the sulfur atoms of the Cys101 residues from the two monomers is 1.5 smaller than that observed in other GST P1-1 structures, owing to a rotation of the Cys101 side chains on binding Ru after displacement of the chlorine ligands of 1. The S-Ru-S angle of 107.38 is larger than the Cl-Ru-Cl angle of 88.78 seen in the small-molecule crystal structure of 1, suggesting a more strained conformation caused by protein binding. The arene moiety forms van der Waals interactions with the Glu97 carboxylate of subunit A, the Glu97 and Asp98 carboxylates of subunit B, the side-chain atoms of Cys101 from both subunits, and a water molecule that in turn interacts with residues in the G-site (Arg13 and Ile104) and the GSH ligand of subunit B. In one of the modeled pta ligand positions (where the electron density is less ambiguous), there are van der Waals interactions with the side chains of Arg13 and Glu97 of subunit A, Asp98 of subunit B, Cys101 of both subunits, as well as the GSH ligand in subunit A. The electron density in the dimer interface is consistent with the crystals containing a mixture of (intact) 1 and its fragment in which EA has been lost or is mobile. The amide oxygen atom O1 of intact 1 forms a hydrogen bond with one water molecule, which in turn is hydrogen bonded to another water molecule that interacts with Arg13 and the GSH molecule in one of the G-sites of the enzyme. In addition to 1 binding at the dimer interface, a GSH molecule was found bound in the usual way in the G-site of each monomer.
In the type B structure, EA binds in the H-site of the enzyme with its carboxylic acid group pointing towards the dimer interface, and the ruthenium fragment is no longer present (Figure 2 b) . The butyryl moiety sits in a pocket surrounded by residues Tyr7, Arg13, Gln51, Leu52, and Ile104. The aromatic moiety of EA forms a p-stacking interaction with Tyr108 (4.2 separation between the rings). The chlorine atoms form van der Waals interactions with Tyr108 and a nearby water molecule. The inhibitor makes water-mediated contacts between its carboxylic acid Angewandte Chemie moiety and Cys101, Ile104, Ser105, and Thr109 as well as several van der Waals interactions (less than 4 ) with Ile104, Ser105, Tyr108, and Thr109. Superposition of the type B complex onto the GSH complex structure (determined in the same space group: PDB ID 5GSS) [24] shows that the protein structures are essentially identical with a root-mean-square deviation in acarbon positions of less than 0.3 . There are no significant movements of side chains in the active site. There is, however, additional electron density extending from the EA unit in the active site, thus suggesting that a larger fragment has bound to the enzyme. However, the density is not clear enough to build anything beyond the EA moiety, and it may also represent alternate conformations of EA binding at lower occupancies. The occurrence of this conformation is consistent with a larger fragment derived from 1 binding in the H-site, preventing the EA moiety from binding in the usual modes. The bifunctional binding of 1 to GST P1-1, productively at the H-site and covalently at the dimer interface, represents a novel binding mode that has not been previously observed.
The crystallographic data (for which the type B crystals were soaked for twice as long as the type A crystals) are consistent with the ESI-MS data in that breakdown of 1 is observed. Indeed, it is possible that EA binding in the H-site dislodges the metal center at the interface through an allosteric effect or that the Ru center is released from the enzyme over a period of time. Such behavior contrasts with reported organometallic kinase inhibitors in which the entire molecule binds to the enzyme active site and the metal is not released from the ligand shell. [25, 26] Nevertheless, for the compounds described herein, cleavage of the ruthenium moiety was expected, and release of ruthenium into the sensitized cancer cell (sensitized by virtue of the GST being inactivated by the EA moiety) should enhance the cytotoxic effect of the compound. From a drug design standpoint, the selective release of at organometallic fragment by GST P1-1 can be exploited to deliver a cytotoxic payload for targeted chemotherapy. [27] We are currently studying the anticancer activity of 1 in vitro and in vivo and intend to report on the outcome of these studies in due course.
Experimental Section
All reagents were used as received. Cyclohexa-1,4-dienylmethylamine, [28] 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane (pta), [29] and [{h 6 -C 6 H 5 (CH 2 ) 2 OH}Ru(pta)Cl 2 ] [17] were prepared according to literature procedures. Reactions were performed with solvents dried using appropriate columns. Detailed descriptions of the synthesis and characterization of EA-benzylamide, (EA-h 6 -benzylamide)dichlororuthenium dimer, 1, and 2 are given in the Supporting Information.
CCDC 646167 (1) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac. uk/data_request/cif.
The expression and purification of the GST P1-1 wild type and the cysteine mutants (Cys47Ser and Cys101Ser) were performed using the E. coli strain TOP10, as previously described. [30, 31] The models have been deposited in the Protein Data Bank (http://www.rcsb.org/pdb) under the filenames 3DD3 and 3DGQ. Further details are also provided in the Supporting Information.
Synthesis and characterization of the compounds, details of inhibition assays of GST P1-1 including time-course inactivation, mass spectrometric binding study, and protein crystallization and refinement details are provided in the Supporting Information.
